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The global COVID-19 pandemic has raised great public
concern about the airborne transmission of viral pathogens. Virus-laden ~———_¥
aerosols with small size could be suspended in the air for a long duration and

remain infectious. Among a series of measures implemented to mitigate the

airborne spread of infectious diseases, filtration by face masks, respirators, and

air filters is a potent nonpharmacologic intervention. Compared with i AR
conventional air filtration media, nanofibrous membranes fabricated via CANEERRLTN
. . .. . . . . \d
electrospinning are promising candidates for controlling airborne viruses due %
-
‘\
-
.
.

surface and volume charges. So far, a wide variety of electrospun nanofibrous
membranes have been developed for aerosol filtration, and they have shown
excellent filtration performance. However, current studies using electro-
spinning for controlling airborne viruses vary significantly in the practice of
aerosol filtration tests, including setup configurations and operations. The discrepancy among various studies makes it difficult, if not
impossible, to compare filtration performance. Therefore, there is a pressing need to establish a standardized protocol for evaluating
the electrospun nanofibrous membranes’ performance for removing viral aerosols. In this perspective, we first reviewed the
properties and performance of diverse filter media, including electrospun nanofibrous membranes, for removing viral aerosols. Next,
aerosol filtration protocols for electrospun nanofibrous membranes were discussed with respect to the aerosol generation, filtration,
collection, and detection. Thereafter, standardizing the aerosol filtration test system for electrospun nanofibrous membranes was
proposed. In the end, the future advancement of electrospun nanofibrous membranes for enhanced air filtration was discussed. This
perspective provides a comprehensive understanding of status and challenges of electrospinning for air filtration, and it sheds light on
future nanomaterial and protocol development for controlling airborne viruses, preventing the spread of infectious diseases, and

beyond.

to their desired characteristics, i.e., a reduced pore size (submicrometers to
several micrometers), a larger specific surface area and porosity, and retained B:@)}r

electrospinning, viruses, aerosols, standardization, filtration tests

lot of viruses, e.g.,, measles virus, influenza virus, and Middle

The global COVID-19 pandemic has raised serious public East respiratory syndrome coronavirus, are also confirmed to
health concerns and economic losses since late 2019." Besides be air transmissible.” Nowadays, people spend most of their
transmission pathways through respiratory droplets, direct
contact with an infected person, and indirect contact via
fomites, mounting evidence has suggested that the airborne
transmission of SARS-CoV-2, the viral pathogen causing example, the air movement generated by the heating,
COVID-19, is responsible for the fast and wide spread of the
infectious disease.”” The small size (aerodynamic diameters
<100 um) enables virus-laden aerosols to suspend in the air for
a long duration.* SARS-CoV-2 RNA has been detected in October 28, 2021 Sromowman B
aerosols sampled from two hospitals in Wuhan, China during February 26, 2022 L]

the outbreak of COVID-19.° Moreover, SARS-CoV-2 February 28, 2022
possesses a half-life of 1.1 h in aerosols based on a lab study, March 11, 2022
which shows the persistence and potential infectivity of

coronaviruses within aerosols.® In addition to SARS-CoV-2, a

time staying in buildings whose confined indoor environments

may further facilitate the spread of virus-laden aerosols. For

ventilation, and air conditioning (HVAC) systems increases
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the travel distance of aerosols by preventing them from settling
onto the ground or surfaces.”’

It is widely accepted that physical barriers, e.g., face masks,
respirators, and air filters, can mitigate the transmission of
airborne viruses.'"” Face masks and respirators, especially
surgical masks and NO9S respirators, are confirmed to be
effective measures in constraining the spread of COVID-19."
However, at the beginning of the COVID-19 pandemic,
surgical masks and N9S respirators were once not readily
available. The US Centers for Disease Control and Prevention
(CDC) had to recommend the public to wear homemade cloth
face masks rather than these strategic medical supplies which
are intended for healthcare workers.'” However, homemade
cloth masks usually fail to achieve a satisfactory removal
efficiency against viral aerosols."> In addition, most air filters
for residential, commercial, and industrial buildings, e.g., air
filters in HVAC systems, can only capture large airborne
particles, e.g, dusts, mold spores, and bacteria, but not
submicrometer viral aerosols."* Even though high-efficiency
particulate air (HEPA) filters could be employed, their
feasibility and wide application are always limited by the
prohibitively high operational costs and energy consumption.
Furthermore, most conventional face masks, respirators, and
air filters are made of petroleum-based materials, e.g.,
polypropylene, which are not biodegradable and thus raise
serious environmental concerns after disposal like plastic
contamination.'> Therefore, it is necessary to develop novel
face masks, respirators, and air filters which can overcome the
aforementioned challenges.

Electrospinning is a promising technique to produce
nanofibrous membranes for controlling viral aerosols.'"”
During electrospinning, dope solutions are stretched by a
strong electric field (i.e, 1—5 kV cm™") and form nonwoven
nanofibrous membranes. Compared with conventional air
filtration media, the electrospun nanofibrous mats possess a
reduced pore size (submicrometer to several micrometers), a
larger specific surface area and porosity, and retained surface
and volume charges, which enables a high viral aerosol
filtration efficiency and a low pressure drop amid air filtration
applications.'® The development of miniaturized and portable
electrospinning apparatuses further facilitates the wide
applications of this technique for small-scale applications,
e.g., personal tailored devices and manufacturing for small
communities."” Moreover, the utilization of biodegradable
polymeric materials in electrospinning mitigates the ever-
increasing environmental concerns caused by plastic waste
pollution.”” So far, numerous studies have demonstrated the
outstanding performance of electrospun membranes for
removing airborne pathogens, including bacteria, fungi, and
viruses from air streams.”"** Particularly, electrospun air filters
fabricated in our previous study could remove up to 99.9% of
coronavirus aerosols, which highlights the promising potential
of electrospun membranes for controlling the airborne
transmission of SARS-CoV-2 and beyond.”

Though many reviews and perspectives have discussed
deploying electrospun nanofibrous membranes for air filtration
applications, these studies are mainly focused on removing
dusts, PM, ; and PM,, and airborne bacteria.”*~** Compared
with other airborne pollutants, it is much more challenging to
remove viral aerosols because the size of viral aerosols is much
smaller and this size is within the size range of the most
penetrating particles for mechanical air filtration (~300 nm).
In addition, considering that a low dose of airborne viruses can
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cause infections,”” developing electrospun membranes with a
high removal efficiency for removing viral aerosols is urgently
needed. However, it is worth noting that current studies
significantly vary in the practice of aerosol filtration tests,
especially in terms of aerosol generation, filtration, collection,
and detection. The discrepancy in the design of aerosol
filtration experiments makes it difficult, if not impossible, to
compare results across various studies. Therefore, it is
necessary to establish standard protocols for evaluating the
viral aerosol removal performance of electrospun membranes.
In this perspective, the applications of air filtration in
controlling airborne transmission of viruses, including common
face masks, respirators, air filters, and electrospun membranes,
were first reviewed. Next, important parameters which
significantly influence the results of aerosol filtration tests
were summarized. The standardized experimental protocol for
evaluating the performance of electrospun membranes in
removing viral aerosols was proposed. In the end, the future
development of electrospun membranes for enhanced air
filtration applications was discussed. This perspective advo-
cates leveraging electrospinning for air filtration applications,
particularly for controlling airborne pathogenic viruses; it
promotes standardization of viral aerosol filtration tests; and it
paves new avenues for better understanding and comparing the
performance of removing viral aerosols by electrospun
membranes from different studies.

For comparison, the viral aerosol filtration performance of
different commercially available face masks and respirators, i.e.,
surgical masks, N95 respirators, and face masks made from
common fabrics, was reviewed. Generally speaking, under the
regulation of 21 CFR 878.4040,%° surgical masks are not
designed for removing ultrafine viral aerosols.”’ The viral
aerosol filtration performance of surgical masks is thus
expected to be inferior to that of N9S respirators. N9S
respirators must be certified by the National Institute for
Occupational Safety and Health (NIOSH) which requires the
tested respirators to achieve more than 95% of filtration
efficiency against ultrafine aerosol particles. It is worth noting
that in the certification tests, NaCl aerosol particles with an
aerodynamic mass median diameter of 300 nm are utilized to
challenge the respirators since 300 nm is considered as the
most penetrating particle size (MPPS).** For mechanical filters
without electric charges, the determination of MPPS of 300
nm is accurate. However, in the case of N9S respirators and
surgical masks whose fibers are usually charged, MPPS shifts to
smaller values, e.g., S0 to 100 nm.>® Therefore, to avoid
overestimating the performance of N9S respirators, aerosols
with a wide size distribution should be used for testing the
filtration efliciency. Basic cloth face masks are important
alternatives to surgical masks and N95 respirators especially
when the accessibility of these medical supplies is severely
limited at the beginning of a pandemic.34 However, unlike
surgical masks and N9S5 respirators, no regulations are available
for these face masks and it is important to understand their
performance for stopping the airborne transmission of viruses.

For surgical masks and N9S respirators, the conclusions
from different studies about their viral aerosol removal
performance are quite controversial. Booth et al. tested the
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Figure 1. Mechanisms of electrospun nanofibrous membranes for removing aerosol particles from the air stream.

protective efficacy of surgical masks against both influenza
virus aerosols and inert aerosol particles. Surgical masks from
various sources possessed significantly different aerosol
removal efficiencies, ranging from 9.09% to 98.2%, which
demonstrated the limited protection provided by some surgical
masks.”” Balazy et al. evaluated the filtration efficiency of N95
respirators against NaCl aerosol particles (10—600 nm). The
results showed that the penetration of NaCl aerosol nano-
particles with certain sizes, i.e., 30—70 nm, at a high inhalation
flow rate of 85 L min~' might exceed 5% (the maximum
penetratlon allowed by NIOSH certification for N95
respirators).”® Batazy et al. further challenged two models of
NOS respirators and two models of surgical masks with MS2
virus aerosols of 10—80 nm. Again, under the high inhalation
flow rate of 85 L min~", N9S respirators failed to achieve the
required aerosol filtration efficiency, i.e., more than 95%. For
surgical masks, the performance was even worse, i.e., more
than 80% penetration of viral aerosols was observed.”” Lee et
al. determined the protection provided by surgical masks and
NS respirators against NaCl aerosol particles with bacterial
and viral sizes (40—1300 nm). It was demonstrated that even
though the average aerosol filtration efficiency of N9S
respirators was 8 to 12 times better than that of surgical
masks, about one-third of tested N9S respirators failed to
achieve the performance required by NIOSH.*® Wen et al.
evaluated the protective performance of surgical masks and
N9S and N99 respirators against bacteriophage SM702
aerosols with an aerodynamic diameter of 0.744 ym. Without
considering mask fit, both surgical masks and N95 and N99
respirators showed promising viral aerosol removal efficacy,
i.e., filtration efficiencies higher than 97% for all tested masks.
However, the face fit factor test indicated that the surgical
masks might not be able to provide sufficient protection
against viral aerosols as N95 and N99 respirators did due to
the lack of tight face seal.””

For basic cloth face masks, the aerosol removal efficiency is
generally not comparable to medical grade masks, especially
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N95 respirators.”* Zangmeister et al. measured the filtration
efficiency and pressure drop of 32 cloth materials against NaCl
aerosol particles with a diameter ranging from 50 to 825 nm.
The surgical masks and N9S respirators were also investigated
as the reference. The results indicated that no cloth materials
possessed aerosol filtration performance comparable to that of
NO9S5 respirators which could achieve an average filtration
efficiency of 99.9 + 0.1% across the whole aerosol size range.*’
Rengasamy et al. tested the aerosol filtration efficiency of fabric
materials from sweatshirts, T-shirts, towels, scarves, and cloth
masks using both polydisperse and monodisperse NaCl aerosol
particles. Compared with the N95 respirator, masks made from
common fabrics only provided limited protection against
aerosol particles.”’ Shakya et al. examined the aerosol filtration
efficiency of four models of face masks, i.e., three types of cloth
masks and one type of the surgical mask. In aerosol filtration
tests, monodispersed polystyrene latex (PSL) particles with a
size of 30, 100, 500, 1000, and 2500 nm were utilized. The best
cloth mask could remove up to 80—90% of PSL aerosol
particles, which was comparable to the surgical mask with a
filtration efficiency of 78—94% but still worse than the
reference N95 respirators.”> Davies et al. examined the
capacity of household materials and a surgical mask for
capturing bacteriophage MS2 aerosols. Among all tested
household materials, one vacuum cleaner bag showed the
highest viral aerosol filtration efficiency of 85.95% with a
pressure drop of 10.18 Pa. However, the surgical mask showed
a better filtration efficiency of 89.52% and a lower pressure
drop of 5.23 Pa.*> Most recently, Drewnick et al. investigated
the filtration efficiency of 44 household materials which might
be used for constructing cloth masks against viral aerosols
ranging from 30 nm to 10 ym. The performance of these
materials was compared with that of surgical masks. The results
indicated that multiple layers of cloth masks were needed to
achieve decent protectlon against aerosol particles with a wide
size distribution.””> Representative studies of face masks and
respirators for controlling aerosols are summarized in Table 1.

https://doi.org/10.1021/acsenvironau.1c00047
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Figure 2. Applications of electrospun nanofibrous membranes for viral aerosol removal.

Without further functionalization or improvement, most air
filters used in residential, commercial, and industrial buildings
(minimum efficiency rating value (MERV) < 13) generally do
not remove viral aerosols efficiently."* MERV, derived from the
standardized air filtration test method ANSI/ASHRAE Stand-
ard 52.2—2017, represents an air filter’s performance for
removing airborne particles between 0.3 and 10 um. The
higher the MERV is, the better the air filter performs.
Specifically, the air filter with a MERV of 13 could achieve at
least 50%, 85%, and 90% of the removal efficiency for airborne
particles with 0.3—1.0, 1.0-3.0, and 3.0—10.0 um, respec-
tively.** Huang et al. demonstrated that a low-efficiency HVAC
air filter possessed poor performance against influenza virus A
(H11N9) aerosols with a filtration efficiency of only 9.09%.
Even combined with the nearby emission of unipolar air ions
which could significantly enhance aerosol collection, the air
filter only removed about 36% of viral aerosols.”’ Similarly,
Hyun et al. improved the aerosol filtration performance of a
mediocre air filter by charging the bacteriophage MS2 aerosols.
At a face velocity of 0.3 m s™', charging MS2 aerosols
improved the filtration efficiency from 56.5% to 63.5%."" Park
et al. coated carbon nanotubes onto a glass fiber filter media by
electro-aerodynamic deposition. At the face velocity of 0.2 m
s, the optimum modified air filter showed an enhanced
filtration efficiency of 78.4% for bacteriophage MS2 aerosols
compared with 54% of the pristine air filter.* Furthermore,
Zhang et al. investigated the filtration performance of
residential HVAC filters with different MERVs against MS2
aerosols. MERV 5, MERV 12, MERV 13, and MERV 14
showed an average viral aerosol filtration efficiency of 32%,
78%, 89%, and 97%, respectively.”” HEPA filters are generally
believed to provide the best protection against viral aerosols at
the expense of their high pressure drop. With time passing by,
the pressure drop keeps increasing with the accumulation of
aerosol particles on the HEPA filters.>’ In some Ccases,
however, even HEPA filters fail to efficiently remove viral
aerosols. Heimbuch et al. pointed out that viable bacteriophage
MS2 aerosols could penetrate two HEPA materials, i.e.,
Carbon HEPA Aerosol Canisters (CHACs) and the flat
sheet HEPA material.”” The penetrated viruses would finally
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lead to infections when susceptible hosts are exposed to
sufficient viable virions.

Electrospun nanofibrous membranes are able to capture virus-
laden droplets and aerosols in the airstream by inertial
impaction, interception, diffusion, gravitational settling, and
electrostatic attraction (Figure 1).’3 A series of studies have
thoroughly investigated the aerosol filtration mechanisms and
readers are referred to these references.””**>> Due to the
reduced pore size, ultrafine fibers, and retained surface and
volume charges, the electrospun nanofibrous membranes
always possess a higher viral aerosol filtration efliciency
compared with common face masks, respirators, and air filters
available in the market.”® In addition, the accessibility to
surgical masks and N95 respirators is severely limited during
every pandemic. Therefore, electrospun nanofibrous mem-
branes with a high filtration efficiency for removing viral
aerosols are promising alternatives to conventional personal
protective equipment (PPE). Besides the filtration efficiency,
pressure drop is another important index for assessing the
filters’ performance because the pressure drop is directly
correlated with the breathability or energy consumption in the
air filtration applications. For electrospun nanofibrous
membranes, due to their high surface area to volume ratio,
intuitively a high pressure drop is expected.’® However, the
enhanced porosity of electrospun nanofibrous membranes
could reduce the pressure drop. Moreover, due to the slip
effect, the drag force of air streams passing through electrospun
nanofibrous membranes significantly decreases, further reduc-
ing the pressure drop in aerosol filtration.”” Therefore,
electrospun nanofibrous membranes always show a reduced
pressure drop without compromising the filtration efliciency
compared with many other filtration media. To simultaneously
evaluate filtration efficiency and pressure drop of an electro-
spun nanofibrous membrane on the overall performance and
fairly compare the performance with other filtration media,
quality factor (QF) was proposed:

QF = —In(1 — E)/AP (1)

where E is the aerosol filtration efficiency and AP is the
pressure drop across the electrospun nanofibrous membranes

https://doi.org/10.1021/acsenvironau.1c00047
ACS Environ. Au 2022, 2, 290-309
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Figure 3. Schematics of functionalized electrospun nanofibrous membranes with enhanced performance for controlling airborne viruses. (a) Silver

nanowires and nanoparticles deposited electrospun membranes with the antimicrobial function,
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polyvinylidene difluoride (PVDF) membrane showing an enhanced aerosol filtration efficiency,'® (c) an electrospun polyacrylonitrile (PAN)
membrane with an increased roughness for better capturing viral aerosols,”> and (d) a rose bengal photosensitized electrospun PVDF membrane
generating singlet oxygen for inactivating viral aerosols under light exposure.®* Green and gray color labeled viruses represent live and dead viruses,

respectively.

amid the aerosol filtration. A higher QF generally indicates
better aerosol filtration performance.

So far, a wide range of electrospun nanofibrous membranes
have been developed for aerosol filtration applications, and
most of them exhibit promising performance. These electro-
spun membranes could be used as PPE and indoor air filters
for viral aerosol removal (Figure 2). Specifically, Matulevicius
et al. fabricated electrospun filter media from polyamide 6
(PA6), polyamide 6/6 (PA6/6), polyvinyl acetate (PVAc),
polyacrylonitrile (PAN), and cellulose acetate (CA). The
product membranes were challenged by monodisperse PSL
(100 and 300 nm) and NaCl (6 to 1000 nm) aerosol particles
and PVAc membranes showed the best aerosol filtration
performance, i.e., QF = 0.0548 Pa™"' (E = 98.8% and AP = 80.6
Pa).'® Chattopadhyay et al. electrospun CA into a series of air
filters with various fiber diameters (0.1 to 1 ym), solidities (0.1
to 0.2), and thicknesses (7 to S1 um). The product
membranes along with two commercial air filters, i.e., a glass
fiber filter and a CA microfiber filter, were challenged by one
solid aerosol (NaCl) and one liquid aerosol (di(2-ethylhexyl)
sebacate (DEHS)). Compared with the commercial air filters,
the electrospun nanofibrous membranes showed better aerosol
filtration performance.” Zhang et al. demonstrated that
electrospun nanofibrous PAN mats had the highest QF of
0.0297 Pa™" in aerosol filtration tests, which was comparable to
two commercial HEPA filters with a QF of 0.00752 and 0.0304
Pa~'. In addition, they found that instead of increasing the
thickness of electrospun nanofibrous membranes, better
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aerosol filtration performance was achieved by stacking
multiple layers of thin electrospun mats.”® By increasing the
conductivity of the electrospinning dope solution, Balgis et al.
synthesized bead-free nanofibrous PAN air filters with the fiber
diameter less than 100 nm. The aerosol filtration performance
of the electrospun air filters was evaluated by using
monodispersed NaCl aerosol particles (100 nm). It is worth
noting that due to the slip effect, the pressure drop of product
air filters amid aerosol filtration tests did not significantly
increase as predicted by the theory.”” Hung et al. fabricated
PAG6 electrospun nanofibrous air filters with the diameter of 94
and 185 nm, respectively. It was demonstrated that the aerosol
filtration performance of the air filters, evaluated by QF, was
dependent on the size distribution of the challenging aerosol
particles. The electrospun nanofibrous filter with a fiber
diameter of 185 nm showed better performance for removing
50—90 nm NaCl aerosol particles, but the electrospun
nanofibrous filter with 94 nm fibers removed NaCl aerosol
particles ranging from 100—380 nm more effectively.”’
Furthermore, in our previous study, electrospun polyvinylidene
difluoride (PVDF) air filters were challenged by both NaCl
and coronavirus aerosols (generated from murine hepatitis
virus AS9 (MHV-AS59)).>* The electrospun nanofibrous mats
could remove up to 99.9% of coronavirus aerosols, which
outperformed a surgical mask and two cloth masks.

To achieve enhanced aerosol filtration efficiency and more
desirable characteristics, such as the antimicrobial capacity, the
pristine electrospun membranes are further tailored and

https://doi.org/10.1021/acsenvironau.1c00047
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Table 3. Selected Standardized Air Filtration Test Methods

designation title
British Standard
3928:1969 compressors)
EN 149:2001+ Respiratory protective devices - Filtering half masks to protect against particles -
A1:2009 Requirements, testing, marking

EN 1822-1:2009
testing, marking

ASTM F3502-21

ASTM F2299/
F2299M-03(17)

ASTM F2100-21
42 CFR84.174

Standard specification for barrier face coverings

ANSI/ASHRAE
Standard 52.2-2017

“Ultralow penetration air filters (ULPA).

size

functionalized. Park et al. electrosprayed silver nanowires onto
the surface of electrospun PAN mats (Figure 3a). Silver
nanowires not only improved the electrospun membranes’
filtration efficiency against bacterial and viral aerosols but also
exhibited potent antiviral efficacy. In particular, 72.5% of
bacteriophage MS2 were inactivated after the 30 min of aerosol
filtration test.’’ Similarly, Blosi et al. obtained silver nano-
particles loaded poly(vinyl alcohol) (PVA) nanofibers by
electrospinning the dope solution containing colloidal silver
and PVA (Figure 3a). The product membranes were able to
capture 97.7% of nanosized aerosol particles (10—700 nm),
which meets the EN149—2009 standard.”’ To enhance the
filtration efficiency against fine viruses and other air pollutants,
Leung et al. electrostatically charged the electrospun PVDF
fibers using corona discharge (Figure 3b). The charged
nanofibrous filters were challenged by NaCl aerosol particles
with the size of 50—500 nm. In this study, special attention was
paid to the aerosol size at 100 nm which is the mean size of
SARS-CoV-2 (60—140 nm). The tailored electrospun air filters
could capture more than 90% of 100 nm aerosol particles with
a pressure drop less than 30 Pa.'® Al-Attabi et al. fabricated
wrinkled electrospun nanofibrous membranes by incorporating
tetraethyl orthosilicate into the PAN dope solution. The
wrinkled structure offered the membrane a highly effective
surface for capturing aerosols and an enlarged pore size to
reduce the pressure drop. As a result, the composite
electrospun nanofibrous membranes showed a superior KCl
aerosol filtration performance when compared with a
commercial glass fiber filter.%> Similarly, Wang et al. modified
the roughness of electrospun nanofibrous membranes by
incorporating silica nanoparticles into the PAN dope solution
(Figure 3c). Compared with the pristine PAN membranes, the
composite membranes possessed a reduced fiber diameter and
pore size, but an enhanced porosity, pore volume, and surface
area. In aerosol filtration tests, the optimum composite
membranes exhibited a better performance with a QF of
0.0308 Pa™! than the pristine PAN air filter with a QF of
0.0218 Pa™.°> We also synthesized one photosensitive
nanofibrous air filter by incorporating photoreactive dyes,
e.g,, rose bengal, into electrospun PVDF membranes (Figure
3d). The product membranes could capture 99.2% of MHV-
AS9 aerosols. Moreover, under the irradiation of visible light,
like from a desk lamp, the photosensitized nanofibrous
membranes could inactivate 97.1% of MHV-AS9 in virus-
laden droplets within 15 min.°* Representative studies of

Method for sodium flame test for air filters (other than for air supply to I.C. engines and

High efficiency air filters (EPA, HEPA and ULPA”)—part 1: classification, performance

Standard test method for determining the initial efficiency of materials used in medical
face masks to penetration by particulates using latex spheres

Standard specification for performance of materials used in medical face masks

Filter efficiency level determination test - nonpowered series N, R, and P filtration

Method of testing general ventilation air-cleaning devices for removal efficiency by particle
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content provider

British Standards Institution
European Committee for Standardization
European Committee for Standardization

American Society for Testing and Materials
American Society for Testing and Materials

American Society for Testing and Materials

National Institute for Occupational Safety and
Health

American Society of Heating, Refrigerating
and Air-Conditioning Engineers

electrospun nanofibrous membranes and reference filtration
media for controlling aerosols are summarized in Table 2.

So far, a wide variety of standardized test methods have been
proposed for evaluating the filtration performance of face
masks, respirators, and air filters (Table 3). These standardized
test methods, however, are rarely directly employed in
laboratory studies, which could be attributed to the limited
access to the special facilities and the incapacity of stand-
ardized test methods for meeting specific requirements. With
ANSI/ASHRAE Standard 52.2—2017 taken as an example, the
standard requires a specially designed test duct which is at least
S m in length. In addition, this method utilizes polydisperse
solid-phase (dry) potassium chloride particles to test the
filtration efficacy of filters, which does not always simulate the
performance of viral aerosol removal.*® As reviewed in section
2, researchers usually utilize customized aerosol filtration test
systems to investigate the filtration performance of face masks,
respirators, and air filters. Therefore, aerosol filtration test
methods from different studies vary in aerosol generation,
filtration, collection, and detection, which could significantly
influence the final results. For electrospun nanofibrous
membranes, to accurately compare aerosol filtration results
from various studies, a standardized aerosol filtration test
protocol should be implemented.

In this section, important operating parameters, e.g., the face
velocity of aerosols passing through electrospun nanofibrous
membranes, and methods, e.g, collection and detection of
aerosols, in the aerosol filtration tests are first discussed. In the
end, a standardized aerosol filtration system is proposed.

3.1.1. Aerosol Origin. Most viral aerosol related studies
utilize surrogate aerosol particles to evaluate the filtration
performance due to the biosafety concern caused by the
aerosolization of virulent pathogens. The surrogate aerosol
particles include both nonbiological particles, e.g.,, NaCl and
PSL, and biological particles, e.g., bacteriophage MS2.
Compared with pathogenic viruses, biological aerosol
surrogates, i.e., bacteriophage or animal virus, could not
cause human infection, and hence they are safe to work with.
Several studies compared the performance of both non-
biological and biological aerosol surrogates in the filtration

https://doi.org/10.1021/acsenvironau.1c00047
ACS Environ. Au 2022, 2, 290-309
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tests. The results confirmed the feasibility of utilizin

nonbiological surrogates to assess the filtration efficacy.”*%’

However, special attention should be paid when someone tries
to interpret filtration data retrieved from nonbiological
surrogates due to the huge differences in physical and chemical
properties between these surrogates and human pathogenic
viruses. For example, it has been demonstrated that both
aerosol size and morphology significantly affect the filtration
efficiency.”’ Fungi and bacteria within aerosols may aggregate
to form pairs, chains, or clusters, which impart irregular shapes
and surface structures to aerosol particles.”' In contrast,
nonbiological surrogates, like DEHS liquid oily particles and
PSL, are in perfectly spherical shape and always possess a
smooth surface. It has been demonstrated that these structural
differences finally result in various aerosol collection
efficiencies.”” Similarly, the discrepancy in the air filters’
filtration efficiency for bacterial aerosols and conventional
nonbiological aerosol surrogates was also observed. In a study,
bacterial aerosols and mineral dusts had the same aerodynamic
diameter, but bacterial aerosols exhibited various morpholo-
gies.70 Though similar studies on viral aerosols are limited,
evidence did show that under some circumstances, like bacteria
and fungi, viruses could aggregate inside the aerosol particles.”
In addition, when aerosolized from solutions rather than
deionized (DI) water, viruses within aerosols adhere to
nonvolatile components, e.g, salts and proteins, after water
evaporation (section 3.1.2). These composite solid particles
may possess increased sizes and a more irregular morphology,
which makes nonbiological aerosol surrogates difficult to
mimic. As a conclusion, in aerosol filtration tests, the best
candidates for aerosol generation are viruses of interest, such as
influenza virus A. When the aerosolization of the target virus is
highly risky, e.g., SARS-CoV-2, surrogate aerosols should be
employed. Moreover, compared with nonbiological surrogates,
viral surrogates of bacteriophages and animal viruses that
closely mimic the virus of interest may help better understand
the performance of face masks, respirators, or air filters against
pathogenic viral aerosols.

Some viral surrogates used in the aerosol studies along with
their structural features and hosts are summarized in the Table
4. As reviewed, the surrogate viruses have diverse morpholo-
gies, sizes, and structures, which makes them perfect
substitutes for pathogenic viruses. In aerosol filtration tests,
viral surrogates possess a similar structural feature to
pathogenic viruses should be first considered. For example,
MHV-AS9, a f-coronavirus that shares a similar diameter and
structure with SARS-CoV-2, was used in authors’ previous
studies to evaluate the aerosol filtration efficiency of electro-
spun nanofibrous membranes.”***

3.1.2. Media for Aerosolization. In aerosol filtration, the
atomization method is generally utilized to produce challenge
aerosols. During atomization, liquid containing surrogates or
pathogenic viruses is broken into droplets and aerosols.”> For
nonbiological surrogates, DI water is always selected as the
solvent to prepare the solutions or suspensions for aerosol
generation. For viruses, however, a series of solvents such as
water or artificial saliva may be used to accommodate viral
particles. This section is mainly focused on the influence of
different aerosolization media on viral aerosols.

It has been demonstrated that the media for aerosolization
significantly influence the size distribution, composition, and
viral viability of the produced viral aerosols. Zuo et al.
generated bacteriophage MS2 aerosols with human saliva,
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Table 4. Virus Surrogates Used in Aerosol Studies

virus surrogates host structural features ref
Murine hepatitis HeLa-mCCla cells ~ ~85 nm in diameter, 23
virus AS9 spherical, enveloped
Bacteriophage Escherichia coli (E. ~25 nm in diameter, 37
MS2 coli) spherical, nonenveloped
Bacteriophage Serratia marcescens Isometric polyhedral head 74
SM702 of ~64 nm in diameter,
with a tail of ~143 nm in
length
Bacteriophage E. coli 30—100 in diameter, 74
F2 spherical, nonenveloped
Bacteriophage E. coli ~25 nm in diameter, 75
$X174 spherical, nonenveloped
Bacteriophage Lactococcus lactis Isomeric capsid of 53 nmin 75
P008 diameter, with a tail of
~159 nm in length
Bacteriophage E. coli Spherical head with a 76
T3 diameter of ~45 nm, with
a short tail
Bacteriophage Pseudomonas ~85 nm in diameter, 42
$6 syringae spherical, enveloped
Bacteriophage E. coli ~82 nm in diameter, 77
PR772 spherical, nonenveloped
Bacteriophage Pseudoalteromonas ~60 nm in diameter, 78
PM2 espejiana spherical, nonenveloped

artificial saliva, and cell culture medium (tryptic soy broth,
TSB). The results indicated that the size distribution of aerosol
particles achieved from different suspensions significantly
varied. Specifically, the size distribution of aerosols by particle
number from TSB was log-normal, while that from human
saliva was bimodal. It is worth noting that the size distributions
of aerosol particles by volume and by number were totally
different in this study. The virus size distribution, i.e., viral
infectivity as a function of their carrier particle size, better
followed the pattern of aerosol size distribution by volume.
Moreover, the viability of aerosolized MS2 from TSB and
artificial saliva was higher than that from human saliva.””* Pan
et al. utilized DI water, artificial saliva, and a beef extract
solution as the media to generate bacteriophage MS2 aerosols.
The aerosol size distribution and virus size distribution were
determined after aerosols passed through a dilution dryer
where the moisture was removed. Compared with aerosols
generated from DI water, both aerosol particle number and
count mode (peak number in the aerosol particle size
distribution) generated from artificial saliva and the beef
extract solution increased. This is because, besides MS2,
aerosols from artificial saliva and the beef extract solution also
contained other solid components such as mucin proteins. The
results also showed the enhanced viability of MS2 in artificial
saliva after aerosolization compared with DI water and the beef
extract solution, which confirmed the protective effect of
artificial saliva for aerosolized MS2.”* Similarly, Smither et al.
investigated the viability of aerosolized SARS-CoV-2 in tissue
culture media and artificial saliva. It is found that under the
same aerosolization conditions, fewer aerosols were generated
from artificial saliva than from tissue culture media. Moreover,
viability of SARS-CoV-2 in aerosols generated from artificial
saliva decayed more slowly at a higher relative humidity (RH)
but more rapidly at a medium RH than that in aerosols
generated from tissue culture media.”’ For the viral aerosol
composition, Stiti et al. has confirmed that nonspherical solid
residues were left after water evaporation for viral aerosols
generated from saliva. Besides viruses, the aerosols may also
contain electrolytes, inorganic salts, human cells, and
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Figure 4. Viral aerosols generated from (a) deionized water and (b) biological solvents like saliva. Viral aerosols generated from biological solvents
dry in a low humidity environment, and viruses are protected by nonvolatile components like inorganic salts and mucin proteins after water

evaporation.

proteins.”” With the aid of scanning electron microscopy, Woo
et al. visualized the filtering facepiece respirators which were
contaminated by MS2 aerosols generated from DI water, the
beef extract solution, and artificial saliva. The collected dried
aerosols on the surface of respirators significantly varied in
morphology. For aerosols generated from DI water, naked
MS?2 aggregates were observed on the substrate. For aerosols
generated from artificial saliva and the beef extract solution,
however, MS2 aggregates were embedded in other solid
components in the solutions, e.g, mucin.** The influence of
media on the generated viral aerosols was depicted in the
Figure 4.

3.1.3. Aerosol Size. The filtration performance of face
masks, respirators, and air filters is highly dependent on the
aerosol size. Generally, the size of virus-laden particles spans a
wide range from submicrometers to hundreds of micrometers.
Johnson et al. demonstrated that size distributions of human-
expired aerosols varied depending on activities and aerosol
generation processes. Specifically, speaking generated a particle
size distribution with three count modes at 1.6, 2.5, and 145
um, which resulted from the aerosol formation from the lower
respiratory tract, larynx, and upper respiratory tract,
respectively.”* Wang et al. demonstrated the presence of
influenza A RNA in aerosols sampled under different scenarios.
The results indicated that more than 60% of viral genome copy
numbers were associated with aerosol particles with a size less
than 2.5 um. However, in their study, the infectivity of
influenza A within the aerosols was not quantified.”” Yan et al.
verified the presence of the influenza viral genome in both
small (<S ym) and large (>S5 pm) aerosols exhaled from
infected patients. In addition, they further successfully
recovered infectious influenza viruses from fine aerosols (<$
um), which confirmed the possibility of airborne transmission
of the disease.” Given the ultrafine fibers and small pore size,
electrospun nanofibrous membranes always achieve a high
filtration efficiency for large droplets (defined as particles with
the size >100 pm in this perspective). Therefore, fine aerosol
particles with a diameter less than 100 ym, especially aerosols
with submicrometer diameters, should be utilized to challenge
the target electrospun nanofibrous membranes. However, it is
worth noting that the virus-laden aerosols are never smaller
than a single naked virus. Sometimes enlarged viral aerosols are
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observed due to the aggregation of viral particles and solid
components (as reviewed in section 3.1.2) within the aerosols.
Therefore, in aerosol filtration tests for removing viruses, the
lowest limit of the aerosol size that should be considered
equals the size of the target virus, e.g, ~25 nm for
bacteriophage MS2, or ~100 nm for SARS-CoV-2. In the
end, it should be noted that aerosol sizes characterized by
various techniques may be different. For example, Sanchez et
al. measured the size distribution of submicrometer and
supramicrometer aerosols using a scanning mobility particle
sizer (SMPS) and an aerodynamic particle sizer (APS),
respectively.*® Since SMPS and APS utilize different principles,
i.e, electrical mobility and time-of-flight, respectively, to
determine the aerosol particle size, each instrument has an
optimal range for aerosol size characterization (2.5—1000 nm
for SMPS vs 0.5—20 um for APS).>>*" To combine aerosol
size spectra retrieved from two distinct instruments, a proper
conversion is needed. For example, Khlystov et al. developed
an algorithm for fitting APS data to SMPS data.*”

3.1.4. Aerosol Charge. Aerosol particles, no matter
whether they are derived from nonbiological sources or
viruses, are charged after aerosolization. For example, both
Pseudomonas fluorescens and NaCl aerosols with the same size
generated by a Collison nebulizer showed a bipolar charge
distribution. Compared with NaCl, the bacterial aerosols (with
a net negative charge) had a much wider charge distribution
with the highest charge of 13,000 elementary charges, while
NaCl aerosols only carried tens of elementary charges.” In
addition, Hogan et al. found that MS2 aerosols produced by a
Collison nebulizer and a stainless steel atomizer carried an
average of —0.91 and —0.14 elementary charges, respectively.
The discrepancy was attributed to the different electrical
properties of the construction materials between the nebulizer
and the atomizer (glass versus stainless steel). In this study,
agglomerates of MS2 viruses were observed in the aerosols.
Interestingly, after aerosols passing through the Po-210 bipolar
charger (a charge neutralizer) which reduced charges carried
by the aerosols, the agglomerates of MS2 viruses broke apart
into ultrafine viral particles. Therefore, it seems that the charge
carried by the aerosols can indirectly affect the aerosol
filtration efficiency by tailoring the aerosol size.”’
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The charge carried by viral aerosols also directly influences
the filtration performance. Electrostatic interactions between
aerosol particles and the filter media play a dominant role in
determining the aerosol filtration efficiency of face masks,
respirators, and air filters, especially for viral aerosols with a
size of submicrometers. Electrostatic attractions come from
several sources and enhance the aerosol filtration efficiency.”
If aerosol particles and the filter media are oppositely charged,
the Coulombic forces pull aerosol particles to the filter media.
If only aerosol particles or the filter media carry charges,
dielectrophoretic forces between aerosol particles and the filter
media make them attract each other.”> However, the
electrostatic repulsions between the same charged aerosol
particles and the filter media may reduce the filtration
efficiency.”” Chen et al. investigated the effects of charge
carried by aerosol particles on the filtration efficiency of a filter
facepiece respirator and found that charged aerosol particles
always showed a reduced penetration. Moreover, the results
indicated that the influence induced by the charge was more
significant on the aerosols with small sizes. It has also
demonstrated that a slight shift in the charge state of aerosol
particles could result in an obvious variation in aerosol
filtration results.”” Moyer et al. challenged a series of filter
media with both neutralized and non-neutralized silica dusts,
lead fumes, and dioctyl phthalate (DOP) aerosols, respectively.
The results indicated that the largest enhancement, ie., 4—
11%, of the filtration efficiency was observed for the charged
DOP aerosols compared with the neutralized aerosols.
However, it should be noted that for silica dusts and lead
fumes, the charged aerosols did not always mean an enhanced
filtration efﬁciency.94 In addition, Drewnick et al. also found
that the aerosol charge could enhance the filtration efficiency
especially when the air filters also carried charges.'” Therefore,
to eliminate the uncertainty caused by the aerosol charge and
to better compare the aerosol filtration results from different
studies, the aerosols generated should pass through a
neutralizer, e.g, a radioactive jonizer.”> After neutralization,
the aerosol charge (with zero net charge) could be described
by Boltzmann statistics.

3.2.1. Face Velocity. The face velocity at which the
challenge aerosol particles pass through the filtration media
determines both the filtration efficiency and the pressure drop.
Generally, at large face velocities, aerosol collection caused by
impaction is enhanced due to the higher inertia of aerosols
while the collection efficiency of diffusion and electrostatic
attraction decreases because of the shorter retention time of air
flow in the filtration media."””* Since diffusion and electro-
static attraction are dominant filtration mechanisms for
removing viral aerosols of a submicrometer size, the overall
viral aerosol filtration efficiency commonly decreases with the
increase of face velocity. The pressure drop, however, is always
positively correlated to the face velocity.

A number of theories and models have been developed to
correlate the face velocity with the filtration efficiency and
pressure drop.”””” However, the discussion about these
theories is beyond the scope of this perspective and the
readers are referred to these references.”>”>”” Yeom et al.
challenged a PA6/polyethylene (PE) bicomponent spunbond
web with neutralized monodisperse DOP aerosols (0.015—0.4
pm) with face velocities ranging from 3.3 to 11.7 cm s™'. The
results confirmed the reduced aerosol filtration efficiency and
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increased pressure drop at higher face velocities. It is worth
noting that the pressure drop linearly increased with the
increase of the face velocity, which indicated a laminar air flow
within the air filter.”® Leung et al. deposited one layer of
electrospun poly(ethylene oxide) (PEO) nanofibers with an
average diameter of 208 nm onto the surface of a nonwoven
microfiber air filter. Compared with the electrospun layer, the
aerosol filtration efficiency and pressure drop of the substrate
air filter were negligible. The composite filter was challenged
by NaCl aerosols with a size ranging from 50 to 480 nm. The
results indicated that for the whole aerosol size range the
filtration efficiency decreased as the face velocity increased
from 5 to 10 cm s7.% Interestingly, similar to the aerosol
charge, the influence of the face velocity on the filtration
efficiency for smaller aerosol particles, like 100 nm, was more
significant than that on larger aerosols. Besides the lower
diffusion collection efficiency, the increased face velocity also
results in a reduced electrostatic collection efficiency. Sanchez
et al. challenged the electrostatically charged fibrous filters with
aerosols at face velocities of 50 to 250 cm s™'. The reduced
aerosol filtration efficiency at higher velocities was attributed to
less time (shorter retention time) for electrostatic forces to
take effect. The results also indicated that high face velocities
(1.7 and 2.7 m s™') might induce aerosol particle bounce,
which deteriorated the overall filtration efliciency, i.e., 10—15%
reduction of the filtration efficiency when compared to that
under a low face velocity (0.5 m s71).*® Face velocity varies
depending on different inhalation regimes. For example,
Eninger et al. utilized viral aerosol airflows with three different
flow rates, i.e., 30, 85, and 150 L min~}, to challenge N99 and
N9S respirators. Among three flow rates, 30 and 85 L min™!
represented the inhalation modes of a low/moderate and a
hard workload, respectively, while 150 L min~" mimicked the
instantaneous peak inspiratory flow of the moderate/hard
workload.”” Therefore, a series of face velocities which could
represent different breathing modes should be selected to test
the aerosol filtration performance of electrospun membranes.
3.2.2. Temperature and Air Humidity. Generally
speaking, the fluctuation of temperature during the filtration
tests may not significantly affect the aerosol filtration efficiency
and pressure drop, especially within the narrow temperature
range in which face masks, respirators, and air filters perform.
In contrast, air humidity is found to significantly influence the
aerosol filtration performance, especially when the air humidity
varies during the aerosol filtration process. However, how the
filtration efficiency and pressure drop change with air humidity
depends on the characteristics of aerosol particles (hygro-
scopicity and size) and filter media (hydrophilicity).
Montgomery et al. found that for the HVAC filters loaded
with NaCl (hygroscopic), ALO; (nonhygroscopic), or a
mixture of these two particles, the filtration efficiency and
pressure drop responded differently to the change of RH.
Specifically, both the filtration efficiency for removing 130 nm
particles of NaCl and pressure drop of NaCl-loaded HVAC
filters decreased with an elevation of RH. In contrast, HVAC
filters loaded with Al,O; showed a small decrease in the
pressure drop and almost no change in the aerosol filtration
efficiency at a higher RH.'” Similarly, Gupta et al. and Miguel
et al. reported a reduced pressure drop at relatively high RH
(but lower than the deliquescent point of NaCl) for NaCl-
loaded air filters in filtration.'"'°> However, Kim et al
concluded that the filtration efficiency of glass fibrous air filters
for removing NaCl aerosols did not vary with respect to the air
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humidity. Their explanation was that the size of challenge
aerosols was relatively small, i.e., <100 nm. It is worth noting
that the glass fibrous air filters used in this study were not
preloaded with aerosol particles, which may be another
important reason for the unchanged filtration efficiency.'”
The aforementioned results indicate that with the accumu-
lation of aerosol particles in the filtration media, the filtration
performance may significantly change even at the same RH. Xu
et al. investigated the change of vehicle cabin filters’
performance after being exposed to humid air. The filtration
efficiency and pressure drop were continuously monitored
when air filters were operated at 5%, 62%, and 90% RH. With
the passage of time, water absorption by dusts trapped within
the air filters resulted in a significant increase of both the
filtration efficiency (up to 15% for particles with a size of 0.3 to
5 pum) and pressure drop (up to 250 pa).'”* Wang et al. further
took the hydrophobicity of the filter media into consideration.
They first fabricated a series of air filters comprising fibers with
different hydrophilicity, i.e., PVDF fiber (hydrophobic), PAN
fiber (hydrophilic), and a dual layer of PAN/PVDF fiber. Next,
three filters were challenged by NaCl and AL, Oj; aerosols at
40% and 80% RH. Consistent with previous studies, all three
unloaded (clean) air filters showed almost unchanged filtration
efficiency against NaCl and Al,Oj; aerosols at both RH of 80%
and 40%. In addition, the evolution of filtration efficiency and
pressure drop for continuous NaCl (12 h) and AL,O; (24 h)
aerosol exposure was monitored at both RHs. The results
indicated a consistent aerosol filtration efficiency during the
long-term filtration processes for both aerosols at both RHs.
However, the increment pattern of pressure drop was only
affected by the hygroscopicity of aerosol particles and
hydrophilicity of filter media at a higher RH of 80%.'"
Currently, to avoid the complication of RH on filtration
performance, most aerosol filtration studies utilize a dryer to
remove the moisture of aerosols (Table 2), which does not
always mimic real scenarios in engineering applications. For
example, when intended for applications as face masks and
respirators, electrospun nanofibrous membranes are expected
to experience a higher RH compared with being used as indoor
air filters.'°>'"” Therefore, the air humidity in aerosol filtration
tests should be adjusted according to diverse applications of
electrospun nanofibrous membranes.

3.2.3. Membrane Installation and Leakage. To
monitor the aerosol filtration performance, electrospun
nanofibrous membranes are always installed in either
customized or commercial filtration test systems. For most
studies, the tested membranes are tightly accommodated by a
filter holder, which completely avoids the leakage. This strategy
is suitable for evaluating the performance of common air filters
since no leakage is expected during their daily operation.
However, for electrospun nanofibrous membranes intended for
face masks, the tight membrane installation without consider-
ing mask fit only measures the optimum filtration efficiency
and thus may always overestimate the protective effectiveness.
Even though in tightly sealed systems the effects of a poor
mask fit have been simulated by punching holes in tested
membranes or connecting tubes, the filtration results are highly
sensitive to the area and arrangement of the holes which are
quite arbitrary in each study. For example, Konda et al
investigated the aerosol filtration performance of common
fabrics which could be used for constructing face masks worn
by the general public. For mimicking the improper fit of face
masks, symmetrical holes with total opening area of 0.5—2% of

302

the membrane area were drilled in the connecting tubes. The
results indicated that the gaps caused by these holes resulted in
more than a 60% decrease in the aerosol filtration efficiency.'*®
Similarly, to investigate the influence of leakage on filtration
performance, Drewnick et al. punched out three holes from
one surgical mask and one velvet cotton sample. The total area
of these holes was 0.5%, 1%, and 2% of the active membrane
area in three separate filtration tests. The results indicated that
even a small leak (1%) could lead to a huge reduction in the
aerosol filtration efficiency (reduction by 50% for particle size
less than 2.5 ym). However, even the authors admitted that the
study was only a qualitative assessment of the effects of leakage
on the face masks’ performance and more delicate experiments
would be needed in the future.’> Therefore, to better
understand the fit status, manikin or human based aerosol
filtration test systems are recommended for the electrospun
nanofibrous membranes intended for face mask applications.
In a study, volunteers, including healthy subjects and simulated
patients, were recruited to assess the inward protection of
different types of face masks. In addition, an artificial test head
on which face masks were mounted was utilized to evaluate the
outward protection of the samples. It is found that the outward
protection of all the face masks was lower than inward
protection, which might be attributed to different amounts of
leakage occurring during two modes.'” By combining the
manikin-based filtration test system and visualization of air
leakage, Ortiz et al. investigated the outward leakage of
different types of face masks. As expected, more leakage was
observed from face masks with loose fit."'® Similarly, Pan et al.
investigated the filtration efficiency of different cloth masks, a
surgical mask, and a face shield under ideal conditions (i.e., in a
tight filter holder). In addition, inward and outward protection
of all the samples was evaluated on a manikin. The results
indicated that a reduced filtration efficiency was observed on
the manikin compared with that in the tightly sealed filter
holder due to the gaps in the manikin-based tests.'''
worth noting that in manikin-based filtration test systems, the
membrane samples could also be tightly attached on the
dummy head by sealant to measure the maximum aerosol
filtration efficiency of face masks. In conclusion, for electro-
spun membranes intended for diverse applications, different
membrane installation methods should be employed. For
example, if the electrospun membranes are intended for face
mask applications, the manikin-based filtration test system
should be utilized since mask fit is taken into consideration.
For indoor air filters, however, electrospun membranes should
be installed in a tight filter holder since little to no leakage is
expected during the operation of these filters.

It is also

For most studies using nonbiological surrogates for aerosol
filtration tests, the amount and size distribution of aerosols
upstream and downstream of the tested membranes are usually
directly measured by various aerosol detection instruments
based on the mass, the surface area, or the number in situ. The
mechanisms and applications of these aerosol detection
instruments have been thoroughly discussed by Wang et al.>®
Thereafter, the aerosol filtration efficiency (E) is calculated
based on
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Figure 5. Schematic of standardized protocol for aerosol filtration tests.

in which Cygunstream 30d Cypgiream are aerosol concentrations
before and after going through the tested membranes,
respectively.

For viral aerosols, however, the viral load, including total and
infectious load, instead of aerosol particle numbers is always of
interest. To investigate the viral load, the viral aerosols in the
filtration tests usually undergo a “collection and detection”
process. The collection of viral aerosols can be achieved by
filtration, impingement, impaction, and electrostatic precip-
itation.''* However, it is worth noting that different sampling
methods may lead to varying collection efficiency, and some
methods could even fail to achieve satisfactory collection of the
viral aerosols. For example, a series of studies have discussed
the influence of various filter media on the collection efliciency
of bioaerosols."">''* Verreault et al. utilized polycarbonate
(PC) and polytetrafluoroethylene (PTFE) air filters to collect
aerosolized bacteriophages ¢X174 and P008. Results from
both quantitative polymerase chain reaction (qPCR) and
plaque assays for quantifying the total and infectious viruses,
respectively, indicated that the PC air filter performed better
for viral aerosol collection.”” Similarly, Gendron et al.
investigated the performance of PTFE and PC filters for
collecting aerosolized bacteriophages ¢ 6 and MS2. The results
indicated that PC filters were superior for collecting infectious
viruses (as indicated by plaque assays), but both PTFE and PC
filters were equally efficient for collecting total virus regardless
of infectivity (as determined by the reverse transcription-
quantitative polymerase chain reaction (RT-qPCR))." In
contrast, Burton et al. evaluated the collection efliciency of
PTEFE, gelatin, and PC filters for MS2 virion particles with a
diameter of 10—80 nm. Compared with PC filters, PTFE and
gelatin filters showed a better collection efliciency. Specifically,
both PTFE and gelatin filters possessed a filtration efficiency
higher than 96%, while the optimal PC filter only had a
filtration efficiency of 68%.'"> Given the discrepancy in the
viral aerosol collection efficiency caused by different filter
materials, the gelatin filter is recommended for collecting viral
aerosols in aerosol filtration tests due to excellent perform-
ance.”®"" In addition, the gelatin filter could be dissolved into
water, which avoids the challenges associated with virus
recovery from the filter for quantification and simplifies the
determination of both total and infectious viral load.''
Furthermore, Biswas et al. evaluated the collection efficiency
of three different samplers, ie., the All Glass Impinger 30
(AGI-30), the SKC BioSampler, and a frit bubbler for
collecting bacteriophage MS2 and T3 aerosols. The results
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indicated that all the samplers had about 10% or even lower
collection efliciency for collecting viral aerosols with a size
ranging from 30 to 100 nm.”® In terms of virus detection, just
as what Verreault et al. did, QPCR and culture methods (e.g,
plaque assays, median tissue culture infectious dose (TCIDsy),
and integrated cell culture-quantitative polymerase chain
reaction (ICC-qgPCR)) are generally used to determine the
total and infectious viral load, respectively. However, the viral
load in the air is low and the infectivity of airborne viruses is
thus not always quantifiable. It is worth noting that sometimes
only one bioaerosol sampler was installed downstream of
tested filters. In this case, the aerosol filtration efficiency should
be calculated as

E =1 = Cun/Cuithout 3)
where Cq, and Cyon are the viral load collected by the
bioaerosol sampler with and without filters installed,
respectively.

As reviewed, previous aerosol filtration tests varied in aerosol
generation, filtration, collection, and detection, which may
impede the comparison across different studies. Therefore, for
better understanding of the aerosol filtration performance of
electrospun nanofibrous membranes, the standardized filtration
test method is urgently needed. Herein, we propose one
standardized aerosol filtration test protocol (Figure S) based
on the aforementioned discussion. In the protocol, aerosols
containing viruses of interest instead of surrogates are
generated by an atomizer. If conditions are not permitted,
e.g., severe biosafety concerns caused by aerosolized
pathogenic viruses such as SARS-CoV-2, surrogates of
bacteriophages and animal viruses are better candidates for
aerosol generation in the filtration test. Compared with
nonbiological surrogates, viral surrogates better mimic the
behavior of pathogenic viruses in filtration due to a similar size,
structure, and biological nature. In addition, viral aerosols with
a wide range of particle sizes, i.e., from tens of nanometers to
several micrometers, should be generated from liquids that best
simulate biological fluids (e.g., simulated or real saliva). To
eliminate the influence of the aerosol charge on the filtration
performance, generated aerosols should pass through a
neutralizer. After neutralization, the charge of aerosols follows
the Boltzmann distribution but the net charge is zero. The size
and concentration distributions of aerosols upstream and
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downstream of the test membranes are monitored by the
instruments like APS and SMPS. During aerosol filtration tests,
the face velocity, temperature, and air humidity should be
carefully adjusted according to intended applications of tested
electrospun membranes. For example, when used for indoor air
filters, the RH of the air flow carrying viral aerosols should be
maintained within 30—50%, while the RH should be higher
(~100%) when the electrospun membranes are used for face
masks and respirators. In the protocol, the air humidity and
face velocity are controlled by the moisture controller and the
flow meter, respectively. Furthermore, for electrospun nano-
fibrous membranes intended for face mask applications, mask
fit should be taken into consideration by using manikin- or
human-based filtration test systems. In the end, it is worth
noting that for nonbiological aerosol surrogates and real viral
aerosols, different instruments and methods for aerosol
collection and detection should be employed and compared.
Particularly, the optimized approach for maximizing viral
aerosol collection and viral infectivity quantification should be
adopted.

Even though electrospun nanofibrous membranes have shown
promising performance for highly efficient aerosol removal,
their wide applications are still limited, due to serious air
pollution from solvents, inferior mechanical properties of the
membranes, single usage of the membranes that leads to plastic
waste, and unwieldy equipment for manufacturing (Figure 6).

Portable &
Miniaturized
Equipment

Biodegradable
&

Biocompatible
Polymer

Multi-Functional Solvent-Free

Membranes Electrospinning

Enhanced Superior
Filtration Mechanical
Performance Properties

Figure 6. Future development of electrospun nanofibrous membranes
for air filtration applications.

Advancements in the electrospinning technology are able to
resolve the aforementioned issues. The upgraded electrospun
nanofibrous membranes could be widely used in scenarios such
as PPE and HVAC systems for efficiently removing airborne
viruses. For example, electrospun nanofibrous membranes
could be used to replace filter media within surgical masks,
respirators, and indoor air filters. The viral aerosol filtration
efficiency of homemade cloth masks could also be improved by
incorporating electrospun nanofibrous membranes.

The pollution issue arises from both the electrospinning
process and the disposal of electrospun products. Researchers
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already have concerns with semivolatile and volatile organic
compounds emitted from the surgical masks.''” So far, most
research dissolved polymers in organic solvents for electro-
spinning. The organic solvents, like N,N-dimethyl formamide,
evaporate and accumulate indoors during electrospinning,
which is harmful to both the environment and human
health."'® In addition, residual solvents in the electrospun
nanofibrous membranes may pose more health risks to the
customers when the membranes are fabricated as face masks.
Moreover, most polymeric materials used in electrospinning
are non-biodegradable and unrecyclable. The piling up of
waste electrospun products made from these lplastic materials
will pose a serious threat to the environment."'” According to
the concept of green electrospinning proposed by Lv et al., the
pollution issue could be resolved by employing novel
biodegradable polymers and green electrospinning techniques,
e.g,, water-based and solvent-free electrospinning.”* Zhang et
al. successfully electrospun biodegradable chitosan nanofibers
in situ to achieve more than 95% removal of PM,;.'*’
Similarly, Pakravan et al. synthesized biocompatible and
biodegradable chitosan/PEO nanofibers with a diameter
ranging from 60 to 80 nm by electrospinning both polymers
in an acetic acid solution. Moreover, compared with trifluoro-
acetic acid which is well-established for chitosan electro-
spinning, acetic acid is more environmental friendly and
nontoxic.'”! Furthermore, the water-based and solvent-free
electrospinning techniques are able to avert the implementa-
tion of harmful organic solvents. Common water-soluble
polymers which could be used for electrospinning include
poly(acrylic acid) (PAA), PVA, PEO, polyvinylpyrrolidone
(PVP), and hydroxypropyl cellulose. For example, Li et al.
fabricated electrospun nanofibrous membranes from PVA and
PAA in aqueous solutions. The fiber diameter could be tailored
from 270 to 450 nm by adjusting the PAA content in the
electrospinning dope solution.'** However, it is worth noting
that water-soluble polymers can dissolve if they are exposed to
the humidity. Therefore, cross-linking is needed once the
polymers are electrospun. Melt electrospinning, a typical
example of solvent-free electrospinning, can synthesize ultra-
fine fibers from a wide variety of polymers, including the ones
that are not soluble in any solvents.'”’ Buivydiene et al.
fabricated a series of air filters via melt electrospinning
polyamide and polyolefin-based polymers. The product air
filters were characterized for the average fiber diameter and
challenged by PM, in aerosol filtration tests. The optimum air
filter 1C2€4)u1d remove up to 80% of PM,; with a QF of 0.0133
Pa~l.

Membranes intended for air filtration applications are always
expected to show adequate mechanical strength, which limits
the wide application of electrospun nanofibrous membranes in
this field. The poor mechanical strength of electrospun
nanofibrous membranes is mainly attributed to their highly
porous structure, weak interactions between fibers, and
intrinsic fiber properties such as the diameter and mod-
ulus."”>'?® So far, intensive efforts have been conducted to
improve the mechanical properties of electrospun nanofibrous
membranes. Huang et al. chemically modified the electrospun
PAN and polysulfone nanofibrous membranes using polydop-
amine. The chemical modification improved the interactions
between nanofibers, which resulted in a 100—300% enhance-
ment in the mechanical strength.'”” Similarly, for improving
the bonding between electrospun nanofibers, Choi et al.
thermally treated the electrospun PVDF mats at 150—160 °C
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to create the binding between fiber junctions. Compared with
the untreated mats, the electrospun nanofibrous membranes
treated at 160 °C for 2 h showed a 28.4%, 242%, and 15.1%
increase in the modulus, tensile strength, and elongation at
break, respectively.'”® Moreover, solvent vapor treatment by
organic solvents, e.g, N,N-dimethyl formamide, can also
improve the mechanical properties of electrospun nanofibrous
membranes.'” In addition, additives could be incorporated to
improve the mechanical strength of a single nanofiber. Mack et
al. utilized graphite nanoplatelets as reinforcements to enhance
the thermal stability and mechanical strength of electrospun
PAN nanofibers. It is worth noting that with the increase of
graphite nanoplatelets incorporated into the electrospun
nanofibers, the modulus also increased. Compared with the
pristine electrospun fibers, the PAN fibers incorporated with 4
wt % of graphite nanoplatelets showed a 200% increase in the
Young’s modulus."* Another approach commonly used to
improve the mechanical strength of electrospun nanofibrous
membranes is to deposit the nanofibers onto a rigid substrate,
e.g., nonwoven microfibrous media.”” The supporting layer
generally does not contribute to the aerosol removal and
pressure drop.

Besides environmental friendliness and mechanical strength,
future research should focus on imparting more desirable
properties to electrospun membranes. As reviewed in the
section 2.3, multifunctional electrospun nanofibrous mem-
branes, e.g, antimicrobial and microstrutured electrospun
membranes, could be fabricated by incorporating functional
nanoparticles into electrospinning."”' For example, Chen et al.
fabricated a super hydrophobic membrane by electrospinning,
hydrothermal synthesis, and dip coating. ZnO nanowires were
grown on the electrospun PVDF membrane via hydrothermal
synthesis, from ZnO nanoparticles preloaded on the
membrane. After dip-coating with oleic acid, the flexible
composite membrane showed super hydrophobicity (with a
water contact angle >150°) and excellent air permeability.'**
Wang et al. developed an electret polyethersulfone/barium
titanate (PES/BaTiO;) nanofibrous membrane by electro-
spinning a PES solution containing BaTiO; nanoparticles. The
optimal nanofibrous membrane showed a filtration efficiency of
99.99% against PM, with a pressure drop of 67 Pa.
Furthermore, the composite electrospun nanofibrous mem-
branes possessed excellent wearing comfortability due to
effective radiative cooling.'>* In addition, Li et al. synthesized
photocatalytic self-cleaning masks by depositing nitrogen-
doped TiO, onto membranes electrospun from a mixture of
PVA, PEO, and cellulose nanofibers. These biodegradable
electrospun membranes not only effectively inactivated
bacteria under the irradiation of sunlight but also exhibited
superior mechanical properties compared with a commercial
single-use mask."** Zhang et al. fabricated nanofibrous mats
overlaid by nanonets based on an electrospraying-netting
technique. The hollow nanonets comprising nanowires (~12
nm) possessed a much smaller pore size than that formed
between nanofibers (200—300 nm versus several micro-
meters). Therefore, a very high aerosol removal efficiency for
PM,; (>99.995%) and a low pressure drop (<91.2 Pa) were
achieved.'”® Furthermore, when developed from piezoelectric
materials (e.g, PVDE)"** or triboelectric materials (e.g., a pair
of materials that are more separated in the triboelectric
series),"*® electrospun membranes can constantly translate
mechanical vibration in airflow to charge, which enhances the
electrostatic attraction for virus removal. Moreover, the

attachment of molecular recognition elements such as
antibodies, peptides, and polyvalent polymers enables electro-
spun nanofibrous membranes to selectively bind and capture
pathogenic viruses of interest.'*” Last but not least,
miniaturized and portable electrospinning apparatuses should
be developed to simplify the electrospinning process. For large-
scale industrial manufacturing, electrospinning apparatuses are
always bulky and sometimes inconvenient. For example, Xu et
al. pointed out that the conventional electrospinning setup is
heavily dependent on the electricity supply, which restricts the
production of electrospun membranes during power failure or
in remote areas without a sustainable electricity supply.” In
contrast, miniaturized and portable electrospinning appara-
tuses are promising alternatives to large-scale industrial
manufacturing, especially for producing electrospun mem-
branes with sgeciﬁc requirements for individuals and small
communities.” Moreover, miniaturized and portable electro-
spinning can also generate membranes with highly tailored
structures and properties easily, with a shorter startup time,
when compared to industrial-scale electrospinning. In addition,
the cost of transportation and distribution of electrospun
nanofibrous membranes from factories to consumers may also

be higher than those fabricated locally.

Electrospun nanofibrous membranes have emerged as
promising candidates for controlling airborne viral pathogens,
and they can thus find broad applications for PPE and indoor
air filtration. These electrospun membranes have a reduced
pore size, an increased porosity, and retained charges, and they
have shown excellent performance for capturing virus-laden
aerosols while maintaining a low pressure drop. However, the
lack of a unified protocol impedes the comparison of
electrospun membranes’ filtration performance among differ-
ent studies. In this perspective, we propose a standardized
procedure for aerosol filtration testing, in which aerosol
generation, filtration, collection, and detection are thoroughly
considered. Particularly, aerosols generated from (simulated)
biological fluids containing nonpathogenic viruses, instead of
nonbiological surrogates like NaCl or PSL, should be used
because they could best simulate the behavior of viral aerosols
of interest in air filtration. Moreover, neutralized aerosols with
a wide range of particle size, i.e,, from tens of nanometers to
several micrometers, are preferred. The face velocity, temper-
ature, air humidity, and fit in the filtration test should be
tailored depending on specific membrane applications for PPE
or indoor air filtration. In addition, the optimized approach for
maximizing the collection and quantification of viral aerosols
should be adopted. Beyond standardizing the filtration test
protocol, future work should also focus on advancing
electrospinning by improving the filtration performance,
antimicrobial capacity, and mechanical strength of the
membrane, promoting an environmentally benign and
sustainable manufacturing process, and adopting diverse
manufacturing scales for personal, community, and industrial
applications.
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